INTRODUCTION

A. Shape memory alloys
Buehler and Wiley (1965) of the U.S. Naval Ordnance Laboratory received a U.S. patent on a series of engineering allows possessing a unique mechanical (shape)"memory." The generic name of the series of alloys is 55-Nitinol. These alloys have chemical compositions in the range of 53-54 weight percent nickel. A great deal of effort will be expended over the next 10 years in characterizing the material and developing new applications to exploit its remarkable shape memory effect (SME) and its unusual mechanical properties. The Naval Ordnance Laboratory (now known as the Naval Surface Warfare Center) has been very active in characterizing nitinol since its discovery. Several other laboratories made early significant contributions to the understanding of nitinol, in particular the Battelle Memorial Institute and NASA.
The shape memory effect can be described very basically as follows: An object in the low-temperature martensitic condition, when plastically deformed and the external stresses removed, will regain its original (memory) shape when heated. The process, or phenomenon, is the result of a martensitic transformation taking place during heating. Although the exact mechanism by which the shape recovery takes place is a subject of controversy, a great deal has been learned about the unique properties of this class of materials in the past 20 years (Jackson et al., 1972; Schetky, 1979; Wayman and Shimizu, 1972 ). It appears clear, however, that the process of regaining the original shape is associated with a reverse transformation of the deformed martensitic phase to the higher temperature austenite phase. Nickel-titanium alloys (nitinol, NiTi) of proper composition exhibit unique mechanical "memory" or restoration force characteristics. The name is derived from Ni (nickel), Ti (titanium), and NOL (Naval Ordnance Laboratory). The shape recovery performance of nitinol is phenomenal. The material can be plastically deformed in its lowtemperature martensitic phase and then restored to the original configuration or shape by heating it above the characteristic transition temperature. This unusual behavior is limited to NiTi alloys having near-equiatomic composition. Plastic strains of typically 6%-8% may be completely recovered by heating the material so as to transform it to its austenite phase. Restraining the material from regaining its memory shape can yield stresses of 100 000 detailed thermal, electrical, magnetic, and mechanical characterizations of this unusual alloy (Goldstein, 1978 ). An early and complete review was published by Cross et al.
.
B. Shape memory alloy hybrid composites
The class of the material referred to as SMA hybrid composites in this paper is simply a composite material that contains shape memory alloy fibers (or films) in such a way that the material can be stiflened or controlled by the addition of heat (i.e., apply a current through the fibers ) ( Rogers and Robertshaw, 1988a,b) . Shape memory alloys and the mechanisms by which they exhibit the characteristic SME are explained very briefly below and in greater detail in Liang and . There is much to be learned about the influence of residual stress and high temperatures on the extent, duration, and repeatability of the SME and dynamic actuator and sensing characteristics of nitinol. The high temperature may be a result of composite fabrication and processing.
Transient and steady-state vibration control can be accomplished with SMA hybrid composites using several techniques. Transient vibration control is defined here as the ability to suppress or damp structural vibration by applying forces (distributed and/or point) to the structure in such a way as to dissipate the energy within the structure. This is accomplished generally by applying point transverse loads to the structure or applying an "actuator film" to the surface of the structure. The approach with SMA-reinforced composites is to simply embed the actuators (shape memory alloys) in the structure such that, when actuated correctly, they exert agonist-antagonist forces off the neutral axis, thereby reducing vibrations (Rogers and Robertshaw, 1988b Structural tuning or modification, which may also be used for structural acoustic control, can be accomplished with SMA hybrid composites using a novel technique termed "active property tuning" (Rogers and Robertshaw, 1988b) . The modal response of a structure or mechanical component (i.e., plate or beam) can be tuned or modified by simply heating SMA fibers embedded or bonded to a structure in a lamina to change the stiffness of all or portions of the structure. When nitinol is heated to cause the material transformation from the martensitic phase to the austenite phase, the Young's modulus changes by a factor of approximately 4, and the yield strength also increases by a factor of 10. This change in the material properties occurs because of a phase transformation and does not result in any appreciable force and does not need to be initiated by any plastic deformation.
In "active strain energy tuning" (ASET) (Rogers and Robertshaw, 1988b) , the shape memory alloy fibers are placed in or on the structure in such a way that, when activated, there are no resulting deflections but inst•td the structure is placed in a "residual" state of strain. The resulting stored strain energy (tension or compression) changes the energy balance of the structure and modifies the modal response much like tuning a guitar string.
There are several configurations of the composite material that may be used for active strain energy tuning. In both cases, the shape memory alloy fibers are embedded in a material to become an integral part of the material. Before embedding the fibers in the first configuration, the shape memory alloy fibers are plastically elongated and constrained from contracting to their "normal" length upon curing the composite material with high temperature. The fibers are therefore an integral part of the composite material and/or structure. When the fibers are heated, generally by passing a current through the shape memory alloy, the fibers "try" to contract to their "normal" length and therefore generate a large uniformly distributed shear load along the length of the fibers. The shear load then alters the energy balance within the structure and therefore changes its modal response.
Another of the many possible configurations of SMA hybrid composite materials is one in which the shape memory alloy fibers are embedded in a material off of the neutral axis on both sides of the beam in agonist-antagonist pairs.
The shear load offset from the neutral axis of the structure will then cause the structure to bend in a known and predictable manner. This technique is well suited for quasistatic shape control and transient (low-frequency) vibration control.
There are numerous other configurations, such as creating "sleeves" within the composite laminate into which the plastically elongated shape memory alloy can be inserted and then clamped to both ends. When the shape memory alloy is heated, the fibers try to contract in the same fashion as explained above. The fibers in a sleeve will exert a concentrated force on the ends of the structure in a direction that is always tangent to the structure at the point where the fibers are clamped to the structure. The difference between the embedded fibers and the fibers in a sleeve is that, in the first case, the force of the shape memory alloy is distributed over the length of the fiber and, in the latter case, the force is concentrated at the end of the structure.
Shape memory alloy hybrid composites have tremendous potential for creating new paradigms for materialstructure interaction (Rogers, 1989) . The list of scientific areas that can be influenced by novel approaches possible with SMA-reinforce composites is quite large. For example, vibration control can be accomplished by using the distributed force actuator capabilities similar to the common piezoelectric systems. Other approaches to active control are possible with a material that can change its stiffness, physical properties, and apply large distributed loads within a structure, i.e., active strain energy tuning and active property tuning . Simulation results showing the potential of SMA-reinforced composites to vary the modal response of a composite plate will be presented below.
Applications for SMA hybrid composites extend far beyond vibration control tasks. Active buckling control, or more generically active structural modification schemes, can be imagined in which SMA fibers are stiffened within a composite to alter the critical buckling load of the structure ( A special tool plate was designed ( Barker, 1989 ) to constrain the nitinol fibers from returning to their memory shape during the high temperatures of the composite cure cycle. Graphite epoxy prepreg (5245 C carbon fiber prepreg system) and strained nitinol fibers are laid on the tool plate using the layup scheme explained above.
The cured composite beam is removed from the tool plate and clamped at both ends in the test fixture so that the transverse vibrations occur out of the gravitational field. The nitinol fiber strain sensors are simply superelastic nitinol wires. The basic concept is to measure the change in resistance of the nitinol as a function of integrated strain. This concept allows for very simple processing as the nitinol sensor is nothing more than an unbalanced arm in a Wheatstone bridge. Nitinol has a high resistivity for a metal, making it well suited for strain sensing. The superelastic nature of the nitinol also means that strains up to 6% can be reliably and repeatedly measured. bridge. When the embedded nitinol fiber is strained, the resistance increases and the bridge is no longer balanced, resulting in a voltage across the bridge. The cantilever beam was used to verify the integrated strain capabilities of the fiber in both static and dynamic modes. Static and dynamic tests show a linear response for root strains (of the fiber) up to 1.2%, the maximum strain tested with the beam. Calibration tests of the nitinol fiber itself has indicated a linear response greater than 6% strain. However, once the sensing fiber has been strained beyond 6%, it becomes plastically deformed. The experimental response of the embedded nitinol fiber to a freely vibrating cantilever beam with a first mode of approximately 4 Hz is shown in Fig. 10 . The primary advantages of nitinol strain gauges are their ease of implementation and large range. Current work involves using the nitinol fiber as a dual-mode sensor, i.e., to measure temperature and strain simultaneously.
C. Transient vibration control
The reversible strain recovery behavior of nitinol provides an opportunity to impart cyclic loads on a structure for transient vibration control. In this application, the nitinol is heated resistively and then cooled either passively or actively by forced convection or conduction using thermoelectric coolers. An experimental study was performed to determine the control power, authority, and frequency response for a specific actuator design using The control law used was simple displacement velocity feedback. It was also determined that the displacement gain was very small and could be eliminated to simplify the controller software and instrumentation requirements. The velocity of the beam was calculated from two strain gauges mounted on the beam as indicated in Fig. 11 . A deadband was included in the control law to account for the bangbang-type control. It is well know that pulse width modula- The shape memory alloy, nitinol, was also demonstrated as a distributed (integrated) strain sensor and a transient vibration actuator. Even though there are numerous identified problems with SMA hybrid composites that have yet to be investigated and understood for active control applications, it has shown great potential and versatility.
